Lead arsenate was used on orchard soils as a pesticide from 1900 to 1960. An in vitro method has been used to determine the bioaccessiblity of Pb in soils contaminated by Pb paint, fossil fuel combustion, and metallurgical industries. The Pb fraction that is potentially bioavailable from orchard soils, however, has not been reported. Potential reductions in availability of Pb and As as a result of amendment addition have also not been explored. The objectives of this study were to (i) determine the effects of lime, phosphate (P), and iron (Fe) amendments, on waterextractable As and Pb in 2 orchard soils and (ii) determine the fraction of total Pb that is potentially bioaccessible in the amended soils. Two orchard soils, Thurmont loam and Burch loam, with total Pb of 676 and 482 mg kg and As of 133 and 93 mg kg respectively, were used. Soil pH increased over time with P application but not with Fe. Phosphate and Fe + P increased water-extractable As and Pb in both soils. Bioaccessible Pb was 57 and 42% of the total Pb for Thurmont and Burch soils, respectively, when Fe + P was added. Although the Fe + P treatment-reduced bioaccessible Pb, levels were high enough to be potential health risk if these lands are urbanized. Further studies are warranted to determine the levels of phosphorus that will be effective in reducing water-extractable As and Pb in these orchard soils. (Soil Science 2007;172:811-819)
farmers from 900 to 1960 as an insecticide to control codling moth (Cydia ponionclia) in apple and plum orchards (Shepard, 1951; Vaneman et al., 1983; Peryca, 1998) . Maintaining lead arsenate treated soil in orchard production effectively limits human exposure to Pb as it is relatively immobile in soil and does not accumulate in the fruits (Wauchope, 1975; Aten et al., 1980; Merry et al., 1983; Pervea, 1989; Peryea, 1991; Peryea and Creger, 1995) . Conversion of these lands from orchards to housing development and urban use, however, may enhance the likelihood of human exposure to Pb (Peryea, 1989) . Young children would be particularly vulnerable to Pb accumulation because of their tendency to consunie soil from frequent hand to mouth activities and smaller body size. Day et al. (1979) stated that the risk of Pb contamination for children is approximately 500/s compared with 8% for an adult. Improved understanding of the potential utilization of chemical additives to hind Pb in soil and minimize the health risk is warranted.
Phosphate
In situ chemical stabilization is one of the methods being used to remediate soils contaminated from lead paint, fossil fuel combustion, and metallurgical industries (Chaney and Ryan, 1994; Brown et al., 2004; Ryan et al., 2001 ). This method is also being considered for remediating lead arsenate-contaminated orchard soils (Peryea, 1991; Chancy and Ryan, 1994; Ruby et al., 1994) . Application of phosphate to Pb-contaminated soil proved to be very effective in reducing Pb solubility in soils (Ruby et al., 1994; Ryan * et al., 2001) . Brown et al. (2004) reported a 53% reduction in bioaccessible Pb concentration when 1% P as H3PO4 was added to a soil contaminated with Pb from a Pb and Zn smelter. Hydroxyapatite [Ca 5 (PO4) 3 0H] has been effective in reducing initial soil solution Pb concentrations of 50-5000 pg L' to 0.18-19.7 pg L_i when added to a lead nitrate [1 1b(NO 3) 2 ] solution (Ma et al., 1993) . The researchers also observed that aqueous Pb in Pb-contaminated soil was also reduced from 2273 to 36 pg L 1 with [Ca5(PO4)30H] (Ma et al., 1993) .
Iron
The adsorptive capacity of a soil systern for Pb can be increased through the addition of high oxide materials such as iron and iron-rich byproducts. Brown et al. (2004) reported a 36% reduction in bioaccessible Pb concentration in a Pb-contaminated soil when 1% of an iron-rich byproduct material (a mineral by product produced in the production of Ti0 2) was used. An iron-rich byproduct (ferrihydrite) that is produced during drinking water purification is also shown a high sorption affinity for Pb (Beak et al., 2006; Rhoton and Bigharn, 2005; Sauve et al., 2000) .
Lime
Numerous studies have shown that lead is relatively soluble under acidic conditions. Moore (1985) found that soil Pb was solubilized by acid rain. Sauve et al. (1998) observed a linear decrease in soil solution Pb concentration when soil pH increased from 3 to 6.5. Yang et al. (2006) also reported an increase in soil Pb desorption when soil solution pH was less than 5.0. Several researchers observed a reduction in Ph solubility when lime was added to Pbcontaminated soils (John and Van Learhoven, 1972; l-lardnnan et al., 1984) . Turpeinen et al. (2000) , however, observed no reduction in Pb soluhiliry with the addition of lime.
In vitro
In vitro extraction tests are being used as a predictor of metal bioavailahility from ingested soil. Ruby et al. (1999) concluded that the in vitro extraction test would provide a rapid and inexpensive method for developing more accurate exposure estimates for use in human risk assessment. The in vitro extracting solution, pH of the solution, and sampling time varies among scientific protocols; for example, Ruby et al. (1993) uses a solution of pepsin and organic acids at pH 1.3 and sampled at different time interval over 2 h, whereas Brown et al. (2004) uses a glycmne solution adjusted to pH 2.2 and sampled once after 2 h of shaking at 37°C.
Whereas the primary focus of this study is on the solubility and bioaccessiblity of Pb, As solubility is also a health concern, due to its potential carcinogenic properties (Goyer et al., 1995) . Arsenic consumed in drinking water has been associated with skin, lung, and bladder cancer (Ng et al., 2003) . The allowable levels of As in the United States drinking water was reduced from 50 to 10 pg L 1 to reduce human exposure to As (LJSEPA, 2007) . The use ofphosphate and iron amendments on lead arsenatecontaminated orchard soils has been shown to influence As solubility. Peryea and Kammereck (1997) reported an increased in As mobility when phosphorus fertilizer was applied to soils contaminated with lead arsenate. Therefore, the objectives of this study are to (i) deterniine the effects of lime, phosphate, and iron amendments on water-extractable As and Pb in two orchard soils and (ii) determine the fraction of total Pb that is potentially bioaccessiblë in the amended orchard soils after 60 weeks of incubation.
MATERIALS AND METHODS

Soil Collection and Selected Characteristics
Soils were collected from two orchards with a history of lead arsenate application. Thurmont loam (Oxyaquic Hapludults) was collected from Washington County, Ml), and Burch loam (Aridic Haploxerolls) from Chelan County, WA. Soils were stored in plastic buckets at field capacity until used. Soil textural properties were determined using the hydrometer method (Gee and Bauder, 1986) . Soil pH was determined in a 1:1 soil:water suspension after I h of equilibrium (Thomas, 1996) . A carbon nitrogen and hydrogen analyzer (Elementar Analysensysteme, Hanau, Germany) was used to determine organic carbon content of the soils following the method of Nelson and Sommers (1996) . Water-extractable (leachable) As and Pb concentrations were determined by modifying the method of Codling et al. (2000) in which 2.5-g air-dry soil was shaken with 25-mL deionized water for 16 h: the suspension was filtered using a Whatman no. 42 filter paper. . 
4.2 ± 0.02 4,5 ± 0.00 6.1 ± 0.01 6.2 ± 0.05 3.1 ± 0.01 5.3 ± 0.05 6.2 ± 0.03 5.7 ± 0.07 5.1 ± 0.02 5.9 ± 0.10 6.3 ± 0.03 7.4 ± 0.02 6.6 ± 0.08 6.9 ± 0.14 6.8 ± 0.01 7,6 ± 0.02 4.1 0.10 4.3 ± 0.22 5.2 ± 0.04 5.3 ± 0.04 3.0 ± 0.02 5.2 ± 0.01 3.3 ± 0.02 5.8 ± 0.03 5.1 ± 0.04 5.5 ± 0.13 3.8 ± 0.16 6.7 ± 0.09 6.6 10.10 6.5 ± 0.10 5.9 ± 0.00 6.8 ± 0.03 4.6 I 0.13 4.8 ± 0.06 4.8 0.01 5 3 ± 0.06 3.6 ± 0.03 5.7 ± 0.03 3.0 0.04 3,7 ± 0.06 3,9 ± 0.03 6.4 0.08 3.6 ± 0.06 6.6 ± 0.02 7.1 0.16 7.4 ± 0,07 5.8 0.03 6.8 (1.04 VOL. 172 NO. 10 ChEMICAL AMENDMENTS EFFECTS ON EXTRACTABLE As AND PB 813 the soils for As and Pb were determined using Aqua Regia digestion as described by McGrath and Cunliffe (1985) . For quality control, all samples were extracted in duplicates with blanks and Montana soil NIST 2711 (National Institute of Standards and Technology, Gaithersburg, MD). Results from the certified samples were ± 10% of the known value. Glycine-extractable Pb (bioaccessiblc-Ph) was determined using the method outlined by (Brown et al., 2004) in which 0.3-g soil (ground to <250 .t) was mixed with 30 mL of 0.4-M glycine solution, adjusted to pH 2.2 with hydrochloric acid, shaken for 2 h in a 37°C water bath, and then filtered through a 0.45-p3 filter. All samples were extracted in duplicates, and one blank was included for every 20 samples. Solution lead concentrations were determined using an Inductive Coupled PlasmaOptical Emission Spectroscopy with wavelength of 217.00 nm and detection limit of 0.02 mg L -with yttrium as internal standard (Codling and Ritchie, 2005) . Arsenic concentrations in solution were determined using an ICP-OES hydride method with wavelength of 188.79 nm and detection limit of 0.14 ig L 1 as described by (Anderson and Isaacs, 1995) .
Experiinen
There were eight soil treatments: (i) -lime -Fe 1' = control; (ii) -lime +1% Fe -P; (iii) -lime Fe + 1% P; (iv) -line +1% Fe +1% P; (v) +linse -Fe -P; (vi) +lirne +1% Fe -P; (vii) +lime -Fe +1% 1'; and (vii) +linse +1% Fe +1% P. Reagent grade calcium carbonate (CaCO 3 ) was added at the rate of 1.0 and 1 .5 g kg to the Thurn'iont and the Burch soils, respectively. The iron IFe(OH) 31 used in this experiment was prepared fresh by combining 0.45-M solution of ferric nitrate [Fe(NO3)3] with 1.6-M NaOH solution at the ratio of 1:3 (vol/vol). The precipitate was washed several times with deionized water until an electrical conductivity value of 2.0 mS cm was reached. Phosphate was added as KH 2 PO 4 at the rate 43.9 g kg soil, and the Fe(OH) 3 was weighed wet and added to bulk soil samples at a rate 200 g kg I which provided 1% Fe in the soils. For each treatment, 900 g of soil (oven dry) was mixed with appropriate amounts of amendments, and deionized water was added to attain soil-water contents of 0.183 and 0.34 g g (equivalent to field capacity for the Burch and Thurmont soils, respectively). Each treated soil was replicated three times and incubated in 30 x 45-cm polyethylene bags, at 26°C for 60 weeks in a constant temperature chamber. Approximate field capacity was maintained in each bag by weighing and adding deionized water if needed, taking into account that some soil was periodically removed for analysis. Soil samples (15 g) were removed at 2, 16, and 60 weeks for pH and water-extractable As and Pb determination as outlined above. The ().4-M glycineextractable Pb concentration was determined only in the samples taken at 60 weeks. The analysis of variance procedure of the Statistical Analysis System was used to determine statistical significance of the soil amendment treatments (SAS Institute, 2000) . Separation of means was done using Duncan multiple range test (Steel and Tonic, 1980) .
RESULTS AND DISCUSSION
Soil pH value, water-extractable arsenic, and lead concentrations of the Burch soil before the experiment were slightly higher than the Thurmont soil (Table 1 ). Organic carbon, total As, Pb, Ca, Fe, and P concentrations were higher in the Thurmont soil. Total Mn was higher in the Burch soil ( values for the control and most treatments decreased over time for both soils (Table 2) . Phosphate applications increased soil pH. Peryea (1991) observed a similar reduction in pH when P was applied to lead arsenate-contaminated soils. He concluded that this might due to the high salt induced hydrolysis and release of Ht In this experiment, however, soil pH values increased over time for both soils. For example, in the Thurmont soil, pH increased from 4.8 ± 0.01 at 2 weeks to 6.1 ± 0.01 at 60 weeks for the -L +P treatment.
Lead
In both the limed and unlimed Thurmont soil, iron application reduced water-extractable Pb concentrations compared with the control (Fig. 1A) . In the Burch soil, -L +Fe treatment was more effective in reducing water-extractable Pb compared with the +L +Fe treatment. (Fig. IB) . Water-extractable Pb concentrations, however, increased when P was applied ( Fig. IA  and B) . These results were not in agreement with other scientists who observed reduction in soluble Pb with the addition of P (Peryea, 1991; Chancy and Ryan, 1994; Ruby et al., 1994) . The largest increase in water-extractable Pb concentrations was with the application of Fe +P treatment with and without lime at 16 weeks ( Fig. 1A and B) . More Pb, however, was released in solution from the Burch soil at 16 weeks than from the Thurmont soil ( Fig. IA and B) . At the 16 weeks sampling, Pb concentrations were 18.9 ± 1.9 and 20.5 ± 3.2 mg kg 1 for the -L +Fe +P and +L +Fe +P treatments for the Burch soil compared with 14.5 ± 1.0 and 14.9 ± 2.0 mg kg for Thurmont soil for the same treatments ( Fig. 1A and B) . The larger water-extractable Pb concentration observed in the Burch soil may have resulted from the lower organic carbon, Ca and Fe concentrations that are known to adsorb Pb resulting in more Pb in solution (Beak et al., 2006) (Table 1) . At 60 weeks, water-extractable Pb concentrations were lower than at 16 weeks for the +Fe +P treatments with and without lime for both soils. At 60 weeks, Pb concentrations were 45% and 51% lower than at the 16-week sampling for the -L +Fe +P and +L +Fe +P treatments in the Thurmont soil, respectively, and 68% and 80% lower for the Burch soil for the same treatments. Although the water-extractable Pb concentrations for the +Fe +P treatments reduced over time, Pb concentrations did not return to the levels of the -Fe and P treatments. Water-extractable Pb is considered leachable Pb. The use of P on these lead arsenate-contaminated orchard soils may increase the potential of groundwater contamination if the subsoil has a high percentage of sand and is low in aluminum and iron oxides B Burch soil (Beak et al., 2006) . This increase in waterextractable Pb with P application is difficult to explain because there was enough waterextractable P in solution to precipitate soluble Pb. Water-extractable P at 60 weeks was greater than 1000 mg kg 1 for both soils (Table 3) . Glycine-extractable (bioaccessible) Pb concentrations were higher in the Thurmont soil compared with the Burch soil ( Table 3) . This may be due to the higher total Pb in the ThurnTlont soil (Tables I and 3) . Lime increased glycine-extractable Pb levels significantly in the Thurmont soil but not the Burch soil when compared with the control (Table 3) . Except for the + L -Fe P treatment, glycine-extractable Pb concentrations decreased in both the Thurmont and Burch soils with the addition of Fe (Table 3 ). In the Thurmont soil, glycineextractable Pb was 534 mg kg for the +L -Fe treatment compared with 495 mg kg for the +L +Fe treatment, which was 79% and 73% of the total soil Pb. In Burch soil, the Fe alone treatment reduced the glycine-extractablePb from 382 for the control to 358 mg kg 1 , which was 79% and 74% of the total Pb for the control and the -L +Fe treatments, respectively. The Fe +P treatment was more effective in reducing glycine-extrac tablePb compared with the +P treatment in both the limed and unlirned treatments for the two soils. In the Thurnrnnt soil, the percent of total Pb removed by glycine was 64% and 65% for the -L +P and +L +P treatments, respectively, compared with 58% and 57% for the -L +Fe +P and +L +Fe +P treatments, respectively. In the Burch soil, glycine-extractable Pb concentrations were reduced by 39% and 44% for the -L +Fe +P and +L +Fe +P treatments, respectively. This finding was in agreement with Brown et al. (2004) who observed 59% reduction in bioaccessible Pb concentration when 1% Fe and 1% P were added to a soil contaminated by Pb from a Pb and Zn smelter emissions.
The relatively high concentrations of Pb removed by the glycine extraction in the Thurmont soil in many cases exceeds the 400 mg kg -1 recommendation for superfund clean up by United States Environmental Protection Agency (USEPA, 1996) . Conversion of these soils from orchard production to urban development would expose children to Pb levels exceeding the proposed maximum of 100-150 Vg Pb kg 1 soil allowable for exposure of infants younger than 6 months (Mahaffey, 1977; Day et al., 1979) .
Except for the week 2 sampling of the Burch soil, lime application alone did not change the water-extractable Pb concentrations in both soils compared with the unlimed soils (Fig. 1) . This finding was not in agreement with the findings of Yang et al. (2006) who observed a reduction in Pb solubility with the addition of lime. A possible reason for the small change in Pb concentrations with lime application may be due to the low levels of water-extractable Pb in these soils (Table 1 , Fig. 1) . Except for the +L -Fe P treatment for the Thurmont soil, there was no significant difference in glycine-extractable Pb with lime. In the Burch soil, however, glycine-extractable Pb concentrations were slightly higher with lime application (Table 3) .
Arsenic
The iron alone treatment reduced waterextractable As concentrations less than the instrument detection limit of 0.14 ig L_i ( Fig. 2A and B) . Addition of P significantly increased water-extractable As concentration compared with the control for both soils. The largest increase in water-extractable As occurred at 60 weeks for both soils for the -L +P treatment. Arsenic concentrations increased from 36 and 20 mg kg_i at 2 weeks of incubation to 82 and 58 mg kg -1 at 60 weeks for the Thurmont and Burch soils, respectively. The addition of Fe + P reduced As levels less than that of the P alone treatment in both soils. The lower As concentration observed with Fe +P treatment may have resulted from precipitation of Fe and As. A similar trend was observed for the limed treatments. Water-extractable As levels were higher in the Thurmont soil compared with the Burch. Except for higher As level at 60 weeks for the -L +P treatment, there was little difference in As concentrations with lime, P and +Fe +P treatments with time for the Burch soil. Although, Fe was effective in reducing the As solubilized by P addition the levels were much higher than the Environmental Protection Agency maximum allowable level of 10 .tgL 1 for drinking water (USEPA, 2007) .
CONCLUSIONS
Results from this experiment demonstrated that the addition of Fe was very effective in reducing water-extractable As and Pb in these soils. Phosphate increased water-extractable Pb although water-extractable P concentrations were more than 1000 mg kg -1 at 60 weeks. Bioaccessible Pb was effectively reduced with the Fe and Fe + P treatments. Lime addition did not reduce water-and glycine-extractable Pb. The addition of phosphate desorbed As in both soils. Iron addition effectively sequestered As that was desorbed by the P application, but the As levels were well above the EPA-recommended levels of 10 p.g L 1 for drinking water. Results from this study demonstrated that P is not recommended as a reliable Pb remediation strategy for lead arsenate-contaminated orchard soils. Further study, however, is warranted to determine the levels of phosphate that will be effective in reducing water-extractable As and Pb in these orchard soils.
